Forty years ago, a paper was published which proposed a model for the synthesis and breakdown of plant fructans (inulin) 1 . The work was based on activities of enzymes that had been only partially purified, the reaction products were analysed by paper chromatography, and the proposed biosynthetic reactions differed from those of other carbohydrate polymers. Little progress was made in the subsequent 30 years, and a 1993 paper from the leading UK fructan laboratory referred to the model as "flawed". However, work over the last 10 years with the purified enzymes and their cloned genes has demonstrated beyond any doubt that the enzymes involved in fructan synthesis and breakdown operate in just the way that Edelman and Jefford described them in 1968 1 . This original and prescient paper deserves to be more widely recognized as a classic in plant biochemistry.
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Edelman and Jefford's model of fructan metabolism
Forty years ago, a paper was published which proposed a model for the synthesis and breakdown of plant fructans (inulin) 1 . The work was based on activities of enzymes that had been only partially purified, the reaction products were analysed by paper chromatography, and the proposed biosynthetic reactions differed from those of other carbohydrate polymers. Little progress was made in the subsequent 30 years, and a 1993 paper from the leading UK fructan laboratory referred to the model as "flawed". However, work over the last 10 years with the purified enzymes and their cloned genes has demonstrated beyond any doubt that the enzymes involved in fructan synthesis and breakdown operate in just the way that Edelman and Jefford described them in 1968 1 . This original and prescient paper deserves to be more widely recognized as a classic in plant biochemistry.
during the growth, dormancy and sprouting of Jerusalem artichoke (Helanthus tuberosus) tubers. The enzymes active at the different developmental stages were dissected out by partial purification of protein fractions using DEAE-cellulose columns, and the reaction products were analysed using paper chromatography. Edelman and Jefford's review of 1968 brought together this work, and marked the end of fructan research by Edelman and co-workers.
Edelman and Jefford announced that "it is now possible to put forward an hypothesis, implicating enzymes which have been extracted from artichoke tubers, to account for the structure, syn-
Fructans
Fructans are found as a series of polymers of fructose [DP (degree of polymerization) usually up to 60], normally terminated at the reducing end by a glucosyl unit, and can thus be considered to be sucrose molecules which have been extended by additions of fructosyl units. Present in 15% of flowering plant species, they are accumulated as a carbohydrate reserve by plants belonging to the Asteraceae, where the fructan is also known as inulin, and Poaceae, the grasses and cereals. Forty years ago, fructans did not have the commercial importance that they have today, when recent demand for them as prebiotics in manufactured foods has led to 100 000 tons being extracted annually 2 from chicory (Cichorium intybus) roots.
Edelman and Jefford, 1968
Jack Edelman started to work on the metabolism of fructans for his PhD in Hans in this plant". They proposed that the biosynthesis of fructans is due to the activity of two principal enzymes: sucrose:sucrose fructosyl transferase (SST) and fructan:fructan fructosyl transferase (FFT). SST irreversibly transfers a single fructosyl (F) residue from sucrose to form the trisaccharide 1-kestose and glucose (G). FFT reversibly transfers the terminal fructosyl residue from 1-kestose to a fructan polymer of DP>2, thus elongating the polymer and releasing sucrose from 1-kestose:
Free glucose released by SST recycles to sucrose by the conventional sucrose synthesis pathway. What was strikingly original about the SST/FFT model was that, unlike in the synthesis of starch, cellulose and other carbohydrate polymers, ATP and nucleotide sugars were not directly involved: fructan synthesis was driven by sucrose.
In addition, Edelman and Jefford proposed that the depolymerization of fructan is catalysed by fructan exohydrolase (FEH), which releases free fructose units from the end of the fructan chain, until sucrose is finally released:
The FEH breaks only the β(2→1) linkage between the terminal fructosyl unit and its adjacent fructosyl unit, and thus does not hydrolyse sucrose itself.
All three of the enzymes proposed by Edelman and Jefford are fructosyl transferases. They differ from invertase only in the nature of the fructosyl donor and acceptor. In the case of invertase, the fructosyl acceptor is, of course, water.
Reaction and verification
For two decades following the publication of Edelman and Jefford's paper, little progress was made in testing the SST/FFT model, although the few researchers active in the field adopted it as their working hypothesis. For example, when the enzymes of fructan biosynthesis were localized in the vacuole 3, 4 , it was assumed that SST and FFT were the enzymes responsible. However, one laboratory investigating fructan metabolism in grasses [where the fructans are β(2→6)-linked and can be branched in contrast with the wholly linear β(2→1)-linked polymers of inulin], lacked enthusiasm for the SST/FFT model; in 1993, Cairns 5 argued that the Edelman and Jefford model "formulated from insufficient enzymological evidence" had given rise to a view of fructan biosynthesis that was "based upon inadequate foundations". Central to his argument was the failure to demonstrate synthesis in vitro of high-DP fructans by enzyme preparations containing SST and FFT activity, and he stated that "we have abandoned the SST/FFT framework". Unwisely, as it turned out: three years later, laboratories in Switzerland, The Netherlands and Belgium published evidence that fully validated the SST/FFT model 6, 7 . In particular, Wim Van den Ende working with André van Laere and colleagues at the University of Leuven, started to publish a series of papers continuing to the present, which have fully validated the SST/FFT model. They purified and characterized SST 8 , carefully differentiating it from invertase. This is an important point, because invertase can also catalyse a SST-like activity at high concentrations of sucrose. They purified FFT 9 and they demonstrated that fructans with DPs resembling those in vivo can be made in vitro by the combined action of the two pure enzymes starting with physiologically relevant concentrations of sucrose 10 . Equally importantly, other groups showed that, when the genes for SST and FFT were expressed in sugar beet 11 and potato 12 , crop plants that do not normally accumulate 
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Past times fructans, the transgenic varieties accumulated fructans. In the grasses and cereals, fructosyl transferase enzymes equivalent to the SST and FFT of the Asteraceae have been found 13, 14 . The FEH of Edelman and Jefford has been fully characterized 15 . This enzyme has, however, sprung some surprises: in the grasses and cereals, it may be involved in fructan synthesis 16 ; and FEH has been found in sugar beet 17 , which does not make fructan. 
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A paper of the 1960s
A problem posed by Edelman and Jefford in the context of their SST/ FFT model is that, although SST demands a high concentration of sucrose, at the same time sucrose is a preferential fructosyl acceptor for FFT, and thus should prevent the accumulation of high-DP fructans. The solution that they proposed was not only elegant, but also of its time. They suggested that the FFT, situated at the tonoplast membrane, catalysed a vectorial translation of fructosyl units from the vacuole (low sucrose) to the cytosol (high sucrose). We do not yet know if this vectorial arrangement is correct, but what is interesting is its resonance with the vectorial catalysis proposed by Peter Mitchell for chemiosmotic coupling in oxidative phosphorylation; 1968 was the year in which Mitchell's second 'Grey Book' appeared, and the late 1960s were an important period in the experimental verification of his chemiosmotic theory 18 . Clearly, biochemical, as well as cultural, revolution was in the air.
The citation record for Edelman and Jefford (1968) 1 shows a latent period of 16 years after publication, when the citation rate averaged just four per year. Then the citation rate rose 3-fold during the 1990s as the SST/FFT model was verified experimentally. For the last 10 years, it has oscillated around roughly ten citations per year. Fructanology is a small field, and the continuing citation is testimony to the respect still shown to Edelman 
